Some naturally occurring flavonoids, such as 3-methyl quercetin and Ro-090179, show potent anti-picornavirus activity. They inhibit poliovirus replication at concentrations 100-fold or 1000-fold lower than hydroxybenzyl-benzimidazole (HBB) and guanidine, respectively. Ro-090179 selectively blocks viral RNA synthesis in poliovirus-infected HeLa cells more strongly than 3-methyl quercetin and is therefore the most potent and selective inhibitor of poliovirus RNA synthesisdescribed until now. In addition, Ro-090179 discriminates in its inhibition between plus-and minus-stranded RNA synthesis. Thus, analysis of the viral RNA made in poliovirus-infected cells when the compound is added late in the infection cycle, indicates that the synthesis of genomic RNA is potently blocked, whereas minus-stranded RNA synthesis is not inhibited. These findings make Ro-090179 a valuable compound for obtaining insight into the molecular mechanisms of poliovirus RNA replication.
Introduction
The search for new antiviral agents has at least two main goals. One is to provide a remedy for virus-induced diseases.The second is to provide new tools for analysing the molecular biology of animal viruses (Came and Cali-gUiri, 1982; Harnden, 1985) . From this last viewpoint agentsknown to block picornavirus growth have helped to elucidate a number of aspects of their biology. Thus, several compounds selectively bind to Virions in a well-d~fi~ed region of their capsids (Rossmann, 1989) . This binding stabilizes the viral capsid structure such that although the viral particle still binds to the receptor and is subsequently internalized, the uncoating process is ceived 21 February, 1990; revised 28 June, 1990 . 'For correspondence. resent address: Inslitulo Carlos III, Majadahonda, Madrid, Spain. hampered (Alarcon et al., 1986; Diana et al., 1985; Fox et al., 1986; Ishitsuka et al., 1982a,b; Kenny et al., 1988; Ninomiya et el., 1984; Otto et el., 1985; Rosenwirth and Eggers, 1979) . Other agents affect the synthesis of viral macromolecules, for instance viral translation is specifically blocked by certain inhibitors of protein synthesis that do not pass through the membranes of uninfected cells but which are taken up by infected cells (Carrasco, 1978; Carrasco et el., 1989) .The selective toxicity of these agents is due to the increased permeability of membranes induced by virus infection (Carrasco, 1978; Carrasco et al., 1989) . The processing of picornavirus proteins follows a complicated pattern of proteolytic cleavages of the socalled polyprotein. Inhibitors of the cleavage reactions, as amino acid analogues, zinc ions, or cystatin also impair the proper development of piconaviruses (Korant et al., 1980; Hutchison, 1985) . Much effort has focused on developing agents that selectively inhibit viral RNA replication and elucidating their mode of action. Guanidine (Tershak et al., 1982) , gliotoxin (Miller et al., 1969) , hydroxybenzyl-benzimidazol (HBB) (Eggers, 1982) and several flavones are selective inhibitors of picornavirus RNA synthesis (Kaul et al., 1985; Castrillo et el., 1986; Selway, 1986) . However, the precise mechanism by which these agents inhibit viral RNA replication remains unknown. Guanidine is perhaps the most thoroughly studied inhibitor of poliovirus RNA synthesis (Tershank et al., 1982) . Very elegant studies have clearly identified its target on viral protein 2C (Pincus and Wimmer, 1986) . Unfortunately, the role that protein 2C plays in RNA replication remains unknown (Wimmer et al., 1987) . On the other hand, the concentrations of guanidine required to effectively block poliovirus RNA replication are very high (1-3mM). We found that 3-methyl quercetin (3-MQ), a natural compound isolated from Euphorbia grantii, was the most potent and selective inhibitor of poliovirus RNA replication (Castrillo et al., 1986; Castrillo and Carrasco, 1987) . We report here that the flavone Ro-090179 is also a selective inhibitor of viral RNA replication. Moreover, Ro-090179 is the most active agent known to block this step in poliovirus growth. It is, at least, three times more potent than 3-MQ and 100-or 1000-fold more active than HBB or guanidine, respectively. Finally, a detailed analysis of the action of Ro-090179 on poliovirus RNA synthesis suggests that this agent specifically blocks positive-strand RNA synthesis. 
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The elongation of poliovirus plus-or minus-stranded RNA is accomplished by the virus-coded replicase (protein 3DPo~. However, little is known about the exact molecular mechanism that initiates synthesis of these RNA species. A role of the viral protein VPg as a primer of plus-stranded RNAsynthesis has been recognized (Wimmer et al., 1987) .
Effects of f1avonoids on the synthesis of poliovirus plus-
or minus-stranded RNA synthesis in poliovirus-infected cells differs from the action of Ro-090179, or 3-MQ. It must be kept in mind that 3-MQ does not prevent the shut-off of host translation induced by poliovirus, hence less cellular proteins are made in the infected cells, even in the presence of this agent (Castrillo et al., 1986) .
Effects of Ro-090179 on poliovirus RNA synthesis
Ro-090179 is a natural compound isolated from a Chinese medical herb, Agastache rugosa. Studies on its mode 01 action on rhinovirus and coxsackie virus B1 indicated that it blocked an early step located after viral uncoating, but prior to the initiation of viral RNA synthesis (Ishisuka et al., 1982a,b) . The possibility that this agent acts on a cellular function required for viral replication has also been put forward (Ninomiya et aI., 1985) . Figure 3 shows that Ro-090179 blocks the incorporation of [3Hluridine in poliovirus-infected cells very soon after its addition, even 4 h after infection, once the bulk of viral RNA synthesis has commenced. Curiously enough, when Ro-090179 was added when viral RNA was declining, the incorporation of [3Hluridine was prolonged. This experiment was repeated several times with a similar result. At present we have no explanation for this finding. One possibility is that a viral RNA species whose synthesis is not inhibited by Ro-090179 accumulates under these conditions (see below).
To analyse the formation of poliovirus RNA in the presence of these inhibitors, RNA was extracted from infected cells at 5h post-infection (p.i.) and analysed by dot-hybridization using a poliovirus-specific DNA probe. Figure 4 shows that Ro-090179, 3-MQ, guanidine and HBB powerfully inhibited the appearance of poliovirus RNA when added 1 h p.i. Quercetin alone decreased the replication of poliovirus RNA, perhaps as a consequence of its toxic effects on cells. The combination of quercetin and ascorbic acid does not enhance the inhibition of poliovirus RNA synthesis, suggesting once again that the action of these two agents differs from the activity of 3-MQ or Ro-090179. However, the addition of quercetin plus ascorbic acid blocks the transport of rHluridine to these cells (results not shown) and therefore this assay does not seem suitable for studies on the action of quercetin and ascorbic acid on rHluridine incorporation.
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Action of several anti-picornavirus compounds on translation in poliovirus-infected cells
Naturally occurring flavones are one of the most potent inhibitors of piconavirus replication. The structural formulae of both 3-methyl-quercetin (3-MQ) and Ro-090179 are shown in Fig. 1 . In order to analyse the effect of Ro-090179 on translation in poliovirus-infected cells and to compare its activity with other picornavirus agents, different concentrations of Ro-090179 were added 1 h after poliovirus. Concentrations of Ro-090179 as low as 1.5 J.LM prevented the appearance of poliovirus proteins (Fig. 2) . A similar effect was found with concentrations of 3-MQ of 5 J.LM, whereas HBB showed activity at concentrations above 100 J.LM. It has been reported recently that 100 J.LM quercetin in the presence of 100 J.LM L-ascorbate inhibits poliovirus growth, as measured with the plaque reduction assay (Vrijsen et al., 1988) . It was speculated that the antiviral mechanism of action of quercetin, combined with t-ascorbate, would be similar to 3-MQ. This does not seem to be the case, since the reduction of poliovirus plaque formation by these two agents is most probably due to their cellular toxicity at those high concentrations.
In our hands 100 J.LM quercetin, plus 100 J.LM ascorbate, inhibited protein synthesis in uninfected HeLa cells by 80%, whereas no such effect was observed with 50J. However, it is still not clear whether the initiation of minus-stranded synthesis follows a mechanism identical to that of genomic RNA. None of the inhibitors of poliovirus RNA synthesis is known to be selective for plus-or minus-stranded RNA synthesis, and a specific inhibitor would be of great value. Therefore, we tested the effect of flavones on the synthesis of poliovirus genomic RNA, or minus-stranded RNA. For this purpose Ro-090179 was added at different times p.i. and RNA was extracted eight hours p.l. As a control RNA was extracted from infected cells, in the absence of inhibitor, at different times p.i., in orderto know the kinetics of plus-or minus-stranded RNA synthesis. The amount of RNA made in control infected cells from 0 time until the 8h p.i. is indicated as a control. Dot-hybridization was performed with poliovirus plus-or minus-stranded probes derived by in vitro transcription of a poliovirus genome segment flanked by T7 and T3 promoters in a Bluescript plasmid. Figure 5 shows that RO-090179 selectively inhibits the synthesis of plusstranded RNA, as measured by dot-blot hybridization. Figure 5b shows the quantitative estimation in a densi-tometer of the dot-blots shown in Fig. 5a . In order to see the inhibition caused by Ro-090179 on RNA synthesis when the compound was added at 0, 2 or4h p,i. (+ labels) until the 8 h after infection, we first sustracted the amount of RNA already present at that time (0, 2, 4 labels) and then compared that figure with the total amount of viral RNA present 8 h after infection (labelled as C). Almost complete elimination of genomic RNA synthesis was observed when the inhibitor was added at 0. 2, or 4 h p.i., while under these conditions minus-stranded RNA synthesis was only inhibited when the compound was added at 0 or 2 h p.i., perhaps as a consequence of +RNA inhibition, whereas the synthesis of -RNA was even stimulated when the compound was added at 4h p.i.
To extend this analysis of the selective effect of Ro-090179 on poliovirus RNA synthesis, the RNA produced was analysed by Northern hybridization. Figure 6 shows that, in agreement with the results of Fig. 5 , there is a strong blockade of poliovirus plus-stranded RNA synthesis by Ro-090179 when added 4h p.i., whereas no inhibition on poliovirus minus-stranded RNA synthesis is 
Discussion
Flavonoids are ubiquitous compounds in the plant kingdom (Harborne, 1988) . The search for antiviral agents in plant extracts led to the discovery of 3-rnethyl quercetin (3-MQ) from the African medicinal plant Euphobia grantii (Van Hoof et et., 1984) and Ro-090179 from the Chinese medicinal herb Agastache rugosa (Ishitsuka et et., 1982b) .
Analyses of the mode of action of 3-MQ indicated that it was a selective inhibitor of poliovirus RNA synthesis. At a concentration of 5 f.Lg ml :" 3-MQ inhibited [3Hjuridine incorporation in poliovirus-infected cells by 90%, whereas at 20 f.Lg mr' 3-MQ had no effect on cellular transcription (Castrillo et al., 1986) . Analysis of the viral RNA synthesized in the presence of this flavone showed that production of single-stranded RNA was totally blocked, whereas the synthesis of double-stranded RNA was detected. We , interpreted these results as evidence that 3-MQ was a selective inhibitor and preferentially inhibited synthesis ofplus-stranded, as opposed to minus-stranded, RNA. L6pez-Pila et al. (1989) found that addition of this flavone from the very beginning of poliovirus infection, i.e. together with the virus inoculum, prevented the synthesis detected. Our results clearly suggest that Ro-090179 is a selective inhibitor of the synthesis of pollovlrus genomic RNA. To our knowledge, this represents the first instance that such a selective inhibitor is described. of both plus-and minus-stranded poliovirus RNA. Our presentresults obtained with Ro-090179 indicate that the findingsof L6pez-Pila et al. (1 989) , although correct, must be expanded in order to reach a correct interpretation of the action of flavones on poliovirus RNA synthesis. Thus, 3-MQ, similar to Ro-090179, certainly blocks the synthesis of both plus-and minus-stranded RNA when added from the very beginning of infection, because there is not enough genomic RNA to serve as template to give rise to significant amounts of negative-stranded RNA that could be detected by hybridization (Castrillo and Carrasco, 1987; l.opez-Plla et al., 1989) . Therefore, in order to test if those flavones are selective, they must be added later during infection, when sufficient amounts of plus-and minus-stranded RNA are being made. The results of addition of Ro-090179 late in infection on viral RNA synthesis clearly suggest a preferential inhibition of poliovirus genomic RNA. A detailed understanding of the molecular mode of action of both 3-MQ and Ro-090179 is still lacking, because we do not yet know which viral protein is the target of their action. It is also unknown if the initiation, or the elongation, or both steps of viral RNA synthesis are blocked by these compounds. Experiments are under way in our laboratory to distinguish between these different possibilities. 
Materials and Experimental procedures
Cell and virus growth
HeLa cells were grown in 1OO-mm plastic dishes (Nunc, Roskilde, Denmark) in Dulbecco's modified Eagle's medium, containing 10% newborn calf serum (Gibco, Grand Island, NY). Poliovirus type 1 (Mahoney strain) (ATCC) was grown in HeLa cells. The procedures for cell culture and virus titration were as described elsewhere (Gonzalez et a/., 1987) . 
DNA probe
The full length poliovirus genome DNA probe was obtained by EcoRI digestion of the pSVO-poliovirus vector (Pincus and Wimmer, 1986 
RNA probe
The poliovirus strand-specific RA probe was generated by in vitro transcription of a fragment of poliovirus cDNA, between nucleotides 2099 and T7 (New England Biolabs, USA) and T 3 RNA polymerases (Stratagene, USA). We obtained RNA probes (ATCC) specific to the viral minus and plus strand, respectively. The probes were labelled with [u-3 2p]CTP (400 Ci/mmol; The Radiochemical Centre) (Melton et a/., 1984) .
Virus infection of cell monolayers
HeLa cells were infected with poliovirus (-1 h) in Dulbecco's modified Eagle medium supplemented with 2% newborn calf serum. After incubation at 37°C, for 1 h, unattached virus was removed and fresh medium was added (Oh).
Polyacrylamide gel analysis of proteins
At the time indicated, cells were incubated in methionine-free medium in the presence of 5 ,...Ci per ml of [35S] methionine (1100 Ci/mmol; The Radiochemical Centre). One hour later the radioactive medium was removed, the cell monolayer was washed with phosphate-buffered saline and cells were collected in 200,...1 buffer containing 62 mM Tris-HCI (pH 6.8), 2% SDS, 0.1 M dithiothreltol, 17% glycerol and 0.0024% bromophenol blue. Each sample was sonicated to reduce viscosity and heated at 90°C for 5 min. Five microlitres were applied to a 15% polyacrylamide gel and run overnight at 1OOv. Fluorography ofthe gel was carried out with 2,5-diphenyloxazole/dimethyl sulphoxide (20% w/v). The dried gels were exposed using RP-X1-ray films (Alarcon et a/., 1988) .
RNA blot analysis of poliovirus
HeLa cells were grown in 60-mm dishes and infected with poliovirus. At the indicated times after infection the cells were lysed in a buffer containing 10mM Tris-hydrochloride (pH 7.8), 1 mM EDTA, 150mM NaCI and 0.65% Nonidet P-40. Cell extracts were treated with proteinase K and DNase 1. Total RNA was extracted with phenol and precipitated with ethanol (Favaloro et a/., 1980) . Dot and Northern blot analysis with a radiolabeled probe was performed as described (Thomas, 1983) . The quantification of dots was done with a 3000 A computing densitometer (Molecular Dynamics, CA, USA).
Measurement of nucleoside incorporation into RNA
Cell monolayers were incubated every hour post-infection in the presence of 20,...Ci per ml of [3H]uridine (40 Ci/mmol; The Radiochemical Centre) for 1 h. Then, cell monolayers were washed with phosphate-buffered saline and TCA precipitated. The TCA was removed and the precipitated cell monolayer was thoroughly washed with ethanol. Afterwards, it was dried under an infrared lamp and dissolved in 250,...1 of 0.02 N NaOH plus 0.1 % SDS. An 0.1-ml aliquot was taken and suspended in scintillation liquid to estimate radioactivity.
